Pharmaceutical wastes are emerging as water contaminants. Like other organic contaminants, it is necessary to find safe and economic methods to remove them from the water. In this work, anthocyanin was used as a natural dye sensitizer for the wide band gap nanosize rutile TiO 2 . The TiO 2 /Anthocyanin particles were supported on activated carbon particle surfaces. The resulting composite, which was prepared and characterized by different methods, was then used as a catalyst in the photodegradation of phenazopyridine (a model pharmaceutical contaminant) under a solar simulated light. Depending on experimental conditions, up to 90% of the contaminant was mineralized leaving no new organic products in the reaction mixture. The results show the feasibility of using the activated carbon-supported TiO 2 /Anthocyanin photocatalyst for pharmaceutical contaminant removal in water. The natural dye anthocyanin readily sensitized the TiO 2 to visible light. The unsupported TiO 2 , with its nanosize particles, was not easy to recover by simple separation methods, while the activated carbon-supported catalyst was easily isolated by decantation after reaction cessation. Moreover, the recovered AC/TiO 2 catalyst could also be regenerated by adding fresh anthocyanin sensitizer after recovery for further reuse. Keeping the contaminant molecules closer to the catalytic sites by adsorption, the support also enhanced the efficiency of photocatalyst.
Introduction
Natural waters are being contaminated with different organic compounds. Finding new ways to purify water is thus imperative. Different purification methods are used for this purpose, including physical, biological, and chemical processes [1] [2] [3] [4] [5] . Adsorption is another effective method commonly used in water purification [6, 7] , but it has a shortcoming. The adsorbed contaminant molecules need further treatment or redesorption to recover the adsorbent material itself and to permanently remove the contaminant. Therefore, complete mineralization of the contaminant molecules should be targeted, and catalytic photodegradation needs to be considered for future water purification strategies. Advanced oxidation processes (AOPs) are emerging for water purification [8] .
The AOP depends on the generation of highly reactive free radicals, such as the hydroxyl radical (HO • ), which are effective in degrading organic contaminants [9] . The HO • can be produced by different processes; one of which is photocatalysis with semiconductor and light. Palmisano and Sclafani defined photocatalytic degradation as "A catalytic process during which one or more reaction steps occur by means of electron-hole pairs generated on the surface of semiconducting materials when illuminated by a light of suitable energy" [10] .
TiO 2 is the most commonly used semiconductor in water purification due to its high stability, nontoxic nature, high oxidizing potential, insolubility in water under different conditions, and low cost. Rutile is the most stable form of TiO 2 , whereas anatase is the most catalytically active system [11, 12] due to its more negative flat band potential than rutile.
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This makes the anatase more competitive than rutile for the reduction reaction. Rutile is thus intentionally chosen here for reasons discussed below.
TiO 2 is activated by UV light at wavelengths shorter than 387 nm. When TiO 2 particle absorbs a photon having energy greater than the band gap ( bg ), the electron in the valence band (VB) will be excited to the conduction band (CB). The result of such excitation will be electron-hole pair formation [11, 13] .
The hole, formed as a result of electron excitation, has a potential to oxidize water by forming a hydroxyl radical (OH • ). The electrons in CB readily reduce oxygen to form the superoxide anion. This can, in turn, react with water to form hydroxyl radical again. Hydroxyl radicals are very powerful oxidizers and can easily oxidize an organic species ultimately to carbon dioxide, water, and other less hazardous minerals.
The oxidation of organic compounds may occur as described in the following equation [14] :
For efficient photocatalysis to occur in a given catalytic mixture, the pollutant should be adsorbed or should be very close to the catalyst surface. When the surface area increases the number of adsorbed molecules should also increase. Nanoparticles have relatively high relative surface areas, compared to macrosystems. Therefore nanoparticles are very efficient photocatalysts. In this work, smaller nanosize rutile TiO 2 particles (the most stable TiO 2 type) will be prepared and examined. With a wide band gap (3.2 eV) TiO 2 may not be effective in degradation of organic compounds, due to low abundance of UV in the oncoming solar light [15, 16] , as only ∼4-5% of the incoming solar light belong to the UV region [17, 18] . To efficiently utilize solar energy, the catalyst must be modified to absorb in the visible region. Different methods were followed to achieve this. Doping TiO 2 with another element, such as nitrogen, to reduce the band gap energy is one method [19, 20] . Another way is to sensitize the wide gap semiconductors to visible light. Narrow band gap semiconductors like CdS have been described as sensitizers and as photocatalysts in water purification [21] [22] [23] . CdS dye absorbs in the visible region and enhances TiO 2 photocatalyst efficiency, but unfortunately yields the hazardous Cd 2+ ions in solution upon dissolution [21] .
Most of the advanced oxidation processes need UV light, and some processes need to use metal like Fenton reaction that has bad effects on the human body in addition to its cost [14] .
Dye molecules, such as transition heavy metal compounds, are also used to sensitize TiO 2 . Light absorption occurs by the dye molecule that is attached to the TiO 2 nanoparticle, in the visible region. When the dye molecule absorbs a photon, its electron will be excited from HOMO (Highest Occupied Molecular Orbital) level to LUMO (Lowest Unoccupied Molecular Orbital) level. This is followed by relaxation through electron loss to the TiO 2 conduction band [24] . Despite their advantages, synthetic metal based dyes may readily decompose in the solution under the working conditions. Sensitization by natural dyes is thus the alternative sensitizer in photodegradation of aqueous organic contaminants [25, 26] .
The main purpose of this work is to prepare a stable, active, easy to use photocatalyst that can be excited with visible light. Due to its stability [27] , rutile was intentionally chosen here as the catalyst. As a challenge, its low efficiency will be enhanced by sensitization as described here. Anthocyanin will be used as a natural dye sensitizer. Such a dye is safe, abundant, cheap, and contains -hydroxyl carbonyl group to attach to the TiO 2 surface, as shown in Scheme 1. Natural dye sensitizers have been commonly reported in solar cell applications, but to a much lesser extent for water purification [28, 29] . Very few reports in using natural dye sensitized catalysts are known [25, 26, 30] . Anthocyanins are stable water-soluble pigments that widely occur in nature. The pigment can be extracted from flowers of a plant called Karkade (Hibiscus). Karkade is commonly abundant at market-places and is used as a safe low cost beverage in different Middle East regions. Anthocyanin contains hydroxyl groups (OH). It may then keep the catalyst surface hydrophilic, which would keep the water contaminants closer to the catalyst surface and lower the tension between the catalyst surface and the aqueous solution [31] [32] [33] [34] . The dyes are responsible for the red, blue, and purple colors of many plants [35] . Due to its OH groups, the dye may chemisorb with TiO 2 surface [36] [37] [38] .
Phenazopyridine, 2,6-diamino-3-(phenylazo) pyridine, is a widely used drug. Its structure is shown in Scheme 2. Its removal from water will be examined here by photodegradation. This strategy is important for further practices aiming at purifying water from pharmaceutical wastes that are commonly found in the environment [39] [40] [41] [42] .
As the TiO 2 used here is in the nanoscale, it is difficult to recover from the reaction medium by simple separation methods. Therefore, it is necessary to facilitate the catalyst recovery and to increase the effective catalyst surface area Journal of Nanomaterials as well. For these purposes, activated carbon (AC) particles, which are hydrophilic in nature, are used here as support (not dopant) for the TiO 2 nanoparticles. In addition to that, AC has high adsorption capacity which keeps the contaminant molecules closer to the catalyst surface and consequently increases the photodegradation rate. These findings, parts of which are based on Saleh thesis [43] , are described below.
Experimental

Chemicals and Equipment.
All starting chemicals, acids, bases, and organic solvents were purchased in pure form from Sigma-Aldrich, Merck. Commercial TiO 2 was purchased from Aldrich (99.5% pure, Model number 637262, with particle size ∼100 nm). The commercial TiO 2 was used only for comparison purposes in characterization study as described below. A Shimadzu UV-1601 spectrophotometer was used for electronic absorption spectra measurements. A Perkin Elmer LS 55 Luminescence Spectrometer was used for photoluminescence measurements. A Philips XRD X'PERT PRO diffractometer with Cu Ka ( = 1.5418Å) was used for XRD measurements. A Jeol-EO Scanning Electron Microscope was used for SEM imaging. AThermo Scientific6 Nicolet6 iS65 FT-IR Spectrometer was used for FT-IR measurements. A Hitachi Model S-4300 Field Emission Scanning Electron Microscope was used for electron dispersion X-ray (EDX) spectra measurement at Korea. A TA 2950HR V5-3 TGA apparatus was used for thermogravimetric analysis at ICMCB, University of Bordeaux, France.
Catalyst Preparation
Extraction of Anthocyanin Dye.
A 30 g commercial roselle (Hibiscus sabdariffa) dried flowers were crushed and soaked in a 500 ml Erlenmeyer flask with 300 ml of methanol. The mixture was acidified with few drops of HCl and magnetically stirred at room temperature for 1 hr. The concentration was measured spectrophotometrically using the molar absorptivity, = 37200 L mol −1 cm −1 , and found to be 5 × 10 −4 M. The solution was then filtered and transferred into a dark color glass bottle for further use [45, 46] . 2 /Anthocyanin. A TiCl 3 (50 mL, ∼10%) solution was placed in a 250 mL conical flask. NaOH (100 ml, 2.5 M) was then added dropwise with continuous stirring until a white suspension powder appeared. The resulting TiO 2 powder was then decanted and washed with water 2 times [47] . A small portion of the suspension was centrifuged (5000 rpm), and the isolated powder was left to dry at room temperature and kept for further characterization.
Preparation of AC/TiO
The TiO 2 particle suspension (150 mL) was mixed with activated carbon (2.0 g) and stirred for an hour, and the mixture was then filtered and dried in an oven at 130 ∘ C. Alcoholic extract of anthocyanin (100 mL, 5 × 10 −4 M) was added to the resulting dried AC/TiO 2 powder (10 g) and stirred for an hour. The mixture was then filtered, and the solid was left to dry at room temperature. The resulting AC/TiO 2 /Anthocyanin system was stored in the dark for further use.
Photocatalytic Experiments.
Catalytic experiments were conducted in a thermostated magnetically stirred 100 mL beaker. The walls of the beaker were covered with aluminum foil to reflect back any stray radiation. An aqueous solution (50 mL) of known phenazopyridine concentration and a specific amount of catalyst were placed in the beaker. The required pH value was controlled by adding drops of NaOH or HCl dilute solutions. Direct visible irradiation of solar simulator halogen spot lamp (1.9 × 10 −4 W/cm 2 ) was placed vertically above the photocatalytic reaction mixture. Small aliquots of solution were syringed out from reaction vessel at different reaction periods, centrifuged (5000 rpm) for 5 minutes. The supernatant (0.100 mL) was added to 5 mL Britton-Robinson buffer solution (pH 8) and then analyzed for remaining contaminant by differential anodic stripping voltammetry technique using POL 150 Polarograph with a hanging drop mercury electrode (MDE 150) [48] .
Control Experiments.
Several control experiments were conducted. Firstly, a mixture of phenazopyridine solution (50 mL) and AC/TiO 2 /Anthocyanin (0.1 g) was stirred in dark, to check the amount of contaminant adsorbed on catalyst system surfaces. The mixture reached adsorption equilibrium after 120 min. To account for the adsorbed contaminant in later photocatalytic reaction experiments, the mixture of the contaminant with catalyst was stirred in the dark for at least 120 min, before exposure to light.
Secondly, in the absence of any catalyst, a stirred contaminant solution (50 ml) was exposed to solar simulated light for 100 min. The phenazopyridine concentration was measured before and after exposure to light, to check for any phenazopyridine loss by light (photolysis) with no catalyst. Thirdly, a control experiment with a cut-off filter (blocking 400 nm and shorter wavelengths) placed between the reaction surface and the light source confirmed the ability of anthocyanin to sensitize TiO 2 in visible light with waves longer than 400 nm. Control experiments using the cut-off filter were performed for naked TiO 2 , AC/TiO 2 /Anthocyanin, and AC/TiO 2 , as discussed below.
Effects of containment concentration, catalyst type and amount, and pH on the photodegradation process were all studied. For efficiency comparison, values of reacted contaminant molecules per incident photon (quantum yield, QY) and values of reacted contaminant moles per nominal TiO 2 mole (turnover number, TN) were calculated after 60 min in each experiment. 
Catalyst Stability Experiments.
Solutions (50 mL, 2 × 10 −5 M) of anthocyanin were adjusted to pH ranging 3 or 9. To each solution was added 0.1 g AC/TiO 2 /Anthocyanin, and the suspension was stirred for 120 min. The reaction mixture was then exposed to the light source with stirring for 100 min with and without a cut-off filter. For control purposes, the anthocyanin UV-visible absorption spectrum was measured before and after exposure to light. This was to examine the stability of anthocyanin itself under photodegradation conditions.
The FT-IR spectra were measured for Anthocyanin solution, AC/TiO 2 , and AC/TiO 2 /Anthocyanin before and after photocatalytic experiments. This was to test the presence of adsorbed anthocyanin remaining on the catalyst surface after photodegradation reaction cessation.
Catalyst Recycling and Regeneration.
To examine the efficiency of the catalyst after recovery, a solution (50 mL, 40 ppm) of phenazopyridine was stirred 120 min in dark with 0.2 g AC/TiO 2 /Anthocyanin at pH = 9. The solution was then exposed to light for 100 min. The phenazopyridine concentration was measured before and after light exposure. The solution was then decanted leaving the catalyst in the container, and another fresh contaminant solution (50 mL, 40 ppm) of phenazopyridine was added to the container, with pH = 9. The fresh solution was stirred in dark for 120 min and then exposed to light for 100 min. The phenazopyridine concentration was measured before and after light exposure. The recycling experiments were also performed after regenerating the catalyst with fresh anthocyanin dye. Catalyst regeneration was also examined after decantation by adding a 2 mL of anthocyanin solution to the stirred catalyst suspension for 30 min. The catalyst was then decanted and washed with fresh water. electronic absorption spectrum and thin layer chromatography (TLC) for extracted anthocyanin solution are shown in Figure 1 . The spectrum shows a typical absorption band at max ∼ 540 nm, and the TLC shows that the extracted solution involves one component. Based on the reported absorptivity in 1% HCl/ethanol ( = 37200 L mol −1 cm −1 ) the anthocyanin calculated concentration in the solution was 5 × 10 −4 M, as shown above. The XRD patterns were measured for the prepared TiO 2 nanoparticles, Figure 2 . By comparison with rutile TiO 2 standard card (00-001-1292), the XRD pattern showed that the prepared TiO 2 powder was rutile form. The particle size of the prepared TiO 2 powder was calculated by Scherrer equation based on XRD pattern and was found to be ∼37 nm.
Results and Discussion
Scanning electron micrography (SEM) was used to study the surface morphology of the prepared sample. SEM image, Figure 3 , shows that the TiO 2 involved large agglomerates (>500 nm) of TiO 2 with smaller nanosize particles of less than 50 nm size, while the AC/TiO 2 involved smaller aglomerates (∼300 nm) of TiO 2 with smale nanoparticle size (∼20 nm). Based on XRD and SEM results, the TiO 2 involves nanosize particles that live inside larger agglomerates. The SEM results are consistent with the XRD results with respect to the nanosize nature of the TiO 2 particles living inside agglomerates. Energy Dispersive X-Ray (EDX) analysis for AC/TiO 2 and TiO 2 was measured. The results are shown in Figure 4 . The EDX results show that the atomic ratio for the prepared TiO 2 is approximately (Ti : O) 1 : 2, and the mass ratio between AC and TiO 2 is approximately 22 : 78. Figure 5 shows the thermogravimetric analysis (TGA) plot for the composite AC/TiO 2 . The TGA results confirm that the TiO 2 mass is ∼78% in the composite catalyst, and the AC is ∼22%. The TAG analysis ratio between AC and TiO 2 is consistent with EDX analysis result.
Photoluminescence (PL) spectra were measured for the prepared TiO 2 nanopowder, as shown in Figure 6 . The prepared powder shows similar PL spectrum with the rutile type [49, 50] . Commercial TiO 2 was used here as a benchmark only. The observed slight blue shift in the prepared particles, compared to the commercial ones, is attributed to the smaller size of the former nanosize particles. The photoluminescence spectrum for the TiO 2 in the AC/TiO 2 is similar to that of naked TiO 2 .
The solid electronic absorption spectrum for TiO 2 /Anthocyanin was measured using a suspension of a specific amount of the catalyst in toluene. The absorption spectrum is shown in Figure 7 . The figure shows two absorption peaks, the first at ∼400 nm is attributed to TiO 2 , and the second at ∼600 nm is attributed to anthocyanin attached molecules. The detailed characterization discussions shown above thus confirm the rutile nature of TiO 2 in different catalytic systems examined here. A general description for each solid is shown again for quick comparison in Table 1 . Details of efficiency for each solid are described in Section 3.
Control Experiment Results.
As stated above, control experiments were conducted to confirm the role of AC/TiO 2 /Anthocyanin system as a catalyst in photodegradation of phenazopyridine. When the phenazopyridine solution was irradiated in the absence of any catalyst, no decrease in contaminant concentration was observed for more than 120 min. This means that the contaminant did not degrade in the absence of catalysts (no photolysis). When anthocyanin was added alone to the phenazopyridine, no significant loss in phenazopyridine concentration was observed after irradiation with visible or solar simulated light for 120 min. Using naked TiO 2 with cut-off filter shows no significant loss in phenazopyridine, which means that the naked TiO 2 does not function in the visible light.
When AC/TiO 2 /Anthocyanin system was added to the phenazopyridine solutions (40 ppm) in the absence of light, contaminant concentration continued to decrease until it reached a constant equilibrium value (∼15 ppm) after 120 min. The contaminant concentration reduce is due to adsorption onto the AC/TiO 2 /Anthocyanin. These observations were taken into consideration when using the AC/TiO 2 /Anthocyanin system in photodegradation experiments of phenazopyridine, taking into the account the adsorbed ∼25 ppm loss by adsorption on the catalyst surface.
When a cut-off filter was used, in the presence of AC/TiO 2 /Anthocyanin, a significant loss in the phenazopyridine concentration occurred due to photocatalysis. No observable loss in phenazopyridine occurred when using a cu-off filter in case of AC/TiO 2 system (nonsensitized). These results confirm the ability of anthocyanin to sensitize TiO 2 in photodegradation of phenazopyridine under visible light. In this technique, light absorption occurs by the dye molecule that is attached to the TiO 2 nanoparticle, in the visible region, as summarized in Scheme 3.
When the dye molecule absorbs a photon, one electron will be excited from its HOMO to LUMO. This is followed by relaxation through electron loss to the TiO 2 CB [24] . Hole in the HOMO of dye will produce the active species (
• OH) which leads to oxidation of the organic species; spontaneously the electrons in the conduction band of the For electron relaxation to occur, the energy level of the LUMO must be higher than the conduction band edge of TiO 2 , so that an electron can be injected during the relaxation process. The dye HOMO must also be lower (more positive) than the reduction potential of the organic contaminant.
Photocatalytic Experiment Results.
Contaminant adsorption onto solid catalysts was confirmed by mixing the contaminant solution with catalyst in the dark for 120 min. After that, the reaction mixture was exposed to light, and the photocatalytic reaction profiles were then monitored from that moment. The phenazopyridine photodegradation reaction was studied using AC/TiO 2 /Anthocyanin system in water.
In photocatalytic experiments, the loss of phenazopyridine is due to photodegradation. This was confirmed by additional control experiments. In case of dark adsorption study, the adsorbed phenazopyridine molecules desorbed by treating the saturated solid system with an organic solvent like DMSO. After photocatalytic experiment completions, treating the remaining solid material did not show significant contaminant molecule desorption when treated with dimethyl sulfoxide (DMSO). These results confirm the mineralization of the contaminant molecules adsorbed onto the solid material during photocatalysis experiments.
Effects of different reaction parameters, such as pH, temperature, catalyst concentration, and contaminant concentration, on the rate of photodegradation reaction, were all studied as shown in Figures 8-11 . Values of degradation percentage, turnover number (TN, reacted phenazopyridine molecules/TiO 2 molecules), turnover frequency (TF, reacted phenazopyridine molecules/TiO 2 molecules per unit time), and quantum yield (QY, reacted phenazopyridine molecules/ incident photon) are summarized in [55] . Anthocyanin is more stable in acidic media. The dynamic equilibria for anthocyanin at different pH values are shown in Scheme 4.
In acidic media (pH ∼ 0.5) the red flavylium cation is the major equilibrium species. When pH is higher the color intensity decreases and the concentration of flavylium cation is lowered as shown in Scheme 4. When anthocyanin chelates to TiO 2 its stability increases even at higher pH [44] . The effect of pH on the photodegradation of phenazopyridine was examined on four solutions of phenazopyridine (40 ppm each). The solutions were adjusted to different pH values (3, 5, 7, 9) , under stirring with 0.1 g catalyst for 120 min in dark before exposure to the light source. The photodegradation profiles of phenazopyridine at different pH values are shown in Figure 8 . All values of degradation percentage, turnover number (TN), turnover frequency (TF), and quantum yield (QY) increased with higher pH value, Table 2 . The catalyst efficiency is thus higher at higher pH values. Literature shows that in some cases photodegradation reactions become faster at higher pH [56] while in other cases the reactions (of other compounds) became slower [57, 58] .
Based on the point of zero charges of TiO 2 (pH pzc ), the TiO 2 surface is positively charged, whereas at higher pH the surface is negatively charged. On the other hand, at lower pH values, the contaminant phenazopyridine gains positive charges [44, 55, 56] . As a base, phenazopyridine retains its neutral charge at higher pH. This explains the effect of pH on phenazopyridine degradation here. At lower pH values, both TiO 2 and phenazopyridine are positively charged, which lowers adsorption of the latter onto the former. At higher pH, TiO 2 surface carries a negative charge, which attracts the partial positive charge present onto H-atoms of the amine group of neutral phenazopyridine. These discussions are explained in Scheme 5. As adsorption increases, with higher pH, the photocatalytic efficiency is expected to increase. Moreover, anthocyanin shows higher stability in alkaline media pH (8-9) than under nearly neutral conditions [59, 60] which retains the sensitizer activity at higher pH.
Effect of Contaminant Concentration.
Effect of contaminant concentration on phenazopyridine photodegradation progress was studied. Different contaminant nominal concentrations (30, 35 , and 40 ppm) were used. As stated above, when the catalytic reaction mixture was left in the dark for 120 min, contaminant adsorption occurred. After equilibrium was reached, the initial remaining contaminant concentrations, before photodegradation started, were measured to be 10, 13, and 16 ppm. Figure 9 shows reaction profiles for normalized remaining contaminant concentrations with time. The photodegradation percentage is higher for lower nominal contaminant concentrations. Table 2 shows that phenazopyridine photodegradation percentage decreased as contaminant initial concentration was increased. This should not be considered as an indication of catalyst efficiency lowering. Values of quantum yield increased with increasing contaminant concentration. Moreover, the values of catalyst TN and TF also increased with higher contaminant concentration. Collectively, the results indicate that the catalyst efficiency is higher with higher initial contaminant concentration. These results are consistent with earlier studies using ZnO catalyst [54, 61] . here. Different temperatures (15, 25, 35 , and 45 ∘ C) were used for photodegradation of 50 mL phenazopyridine solution (40 ppm) mixed with 0.1 g catalyst. of degradation only slightly increased with increasing the temperature, Table 2 .
The activation energy ( act ) value was calculated using plots of ln (initial rate) versus (1/ ). The value of act was relatively small (∼9 kJ/mol). This explains the observed small effect of temperature on reaction rate, as shown in Table 2 . The results observed here are thus consistent with earlier literature reports, where temperature shows little effect on photocatalytic processes [57] .
Effect of Catalyst Concentration.
The effect of catalyst concentration on photodegradation reaction progress was studied using different loadings of AC/TiO 2 /Anthocyanin catalyst, namely, 0.05 g, 0.075 g, and 0.15 g. The relation between catalyst concentration and photodegradation rate is shown in Figure 11 .
As shown in Figure 11 , increasing the catalyst amount increased photodegradation progress. This is understandable, as the number of catalytically active sites increases with catalyst concentration. These results are consistent with the earlier literature [57, 62] . Values of percent degradation, turnover number, turnover frequency, and quantum yield are summarized in Table 2 . 
Catalyst Stability.
The stability of the sensitizing dye under the reaction working conditions was studied here. Figure 12 shows that the no loss in anthocyanin was observed after 100 min exposure of AC/TiO 2 /Anthocyanin catalyst to light. There is only slight lowering in electronic absorption spectral intensity for catalyst sample exposed to light with and without cut-off filter in both acidic and basic media. This confirms the anthocyanin stability to photodegradation under catalytic experimental conditions. The results confirm the advantage of using anthocyanin as a sensitizer for photodegradation of water contaminants.
The FT-IR results, Figure 13 , show that the catalyst retains its anthocyanin molecules on its surface after the photodegradation reaction cessation. Anthocyanin characteristic IR bands are shown in the regions at ∼1640 cm −1 and ∼3400 cm −1 , like earlier reports [63, 64] . These bands are shown for AC/TiO 2 /Anthocyanin before and after the reaction, which indicates that the dye remains intact with the TiO 2 surface during the reaction process. The stability of the dye makes the catalyst useful after recovery.
Catalyst Recovery and Reuse. The unsupported TiO 2 particles could not be recovered by decantation. This is understandable due to the nanoscale nature of these particles which prevents their easy recovery. The AC supported catalyst was easy to isolate by simple decantation. The supported catalyst systems have thus been recovered and reused as described here.
Catalyst recovery and reuse results are presented in Figure 13 . The fresh sample of the catalyst caused degradation of up to 91% of the phenazopyridine contaminant in 100 min. The first recovered catalyst degraded about 78% of the phenazopyridine solution, while after second recovery the catalyst degraded about 55% of the contaminant. The lowering in recovered catalyst efficiency is presumably due to loss of the sensitizer. Regenerating the recovered catalyst, by adding anthocyanin, significantly enhances its activity. About 88% of the contaminant is degraded by the regenerated recovered catalyst, as shown in Figure 14 .
Confirmation of Phenazopyridine Complete Mineralization.
Photodegradation of organic contaminants may produce undesirable products. Phenazopyridine molecule contains an azo group that bridges two aromatic rings. The UV-visible spectrum of phenazopyridine has an absorption band in the visible region related to the azo group, and another one in the UV region for the aromatic rings. To confirm complete mineralization of phenazopyridine molecules by photodegradation, the remaining solution was studied by electronic absorption spectra in separate experiments. A solution of phenazopyridine (50 mL, 40 ppm) was mixed with 0.15 g AC/TiO 2 /Anthocyanin catalyst and magnetically stirred in dark for 120 min. The reaction mixture was then exposed to solar simulated light as described above for different time durations. Aliquots were syringed out from the reaction mixture after different exposure times. Each sample was then centrifuged and analyzed by electronic absorption spectra in the range 200-800 nm. The spectra show the continued disappearance of the contaminant with photodegradation reaction time, as shown in Figure 15 . After 100 min reaction time, the azo and aromatic rings completely disappeared from the reaction mixture. This confirms the complete degradation of the original contaminant by photodegradation. The study shows the feasibility of using the photocatalyst described here for complete removal of phenazopyridine from water solar simulated light.
The total organic carbon (TOC) in the photodegradation experiments is another evidence for complete mineralization of the contaminant. Two solutions of phenazopyridine (50 mL, 40 ppm) were mixed with 0.15 g AC/TiO 2 /Anthocyanin catalyst and magnetically stirred in dark for 120 min. One mixture was exposed to light source as described above for 100 min, and the other was left in dark. The two mixtures were then analyzed for TOC. The experiment was repeated three times, and the average analysis results were as follows. The TOC for the mixture in the dark was 24 ± 3 (ppm), while for the irradiated mixture it was 4 ± 2 (ppm). The TOC results confirm the electronic absorption results discussed in Figure 15 . Complete mineralization of the reacted phenazopyridine, by photodegradation, to gaseous minerals is evident. No organic matter is left from the reacted contaminant molecules.
Conclusion
Nanosize TiO 2 particles can be supported onto activated carbon and can be sensitized by anthocyanin molecules. The AC/TiO 2 /Anthocyanin hybrid catalyst effectively catalyzes complete photodegradation of phenazopyridine contaminant in water under the visible and solar simulated lights. Anthocyanin is thus a promising replacement for other hazardous sensitizers based on synthetic quantum dot particles (such as CdS) or metal based molecules (such as Ru-compounds). The AC/TiO 2 /Anthocyanin system can be readily recovered and reused for fresh contaminant photodegradation. The catalytic efficiency of the recovered TiO 2 catalyst system can be further enhanced by regeneration with a fresh anthocyanin dye.
